Transcription factor tonicity-responsive enhancer-binding protein (TonEBP/NFAT5) is critical for osmo-adaptation and extracellular matrix homeostasis of nucleus pulposus (NP) cells in their hypertonic tissue niche. Recent studies implicate TonEBP signaling in inflammatory disease and rheumatoid arthritis pathogenesis. However, broader functions of TonEBP in the disc remain unknown. RNA sequencing was performed on NP cells with TonEBP knockdown under hypertonic conditions. 1140 TonEBP-dependent genes were identified and categorized using Ingenuity Pathway Analysis. Bioinformatic analysis showed enrichment of matrix homeostasis and cytokine/ chemokine signaling pathways. C-C motif chemokine ligand 2 (CCL2), interleukin 6 (IL6), tumor necrosis factor (TNF), and nitric oxide synthase 2 (NOS2) were studied further. Knockdown experiments showed that TonEBP was necessary to maintain expression levels of these genes. Gain-and loss-of-function experiments and site-directed mutagenesis demonstrated that TonEBP binding to a specific site in the CCL2 promoter is required for hypertonic inducibility. Despite inhibition by dominant-negative TonEBP, IL6 and NOS2 promoters were not hypertonicity-inducible. Whole-disc response to hypertonicity was studied in an ex vivo organ culture model, using wild-type and haploinsufficient TonEBP mice. Pro-inflammatory targets were induced by hypertonicity in discs from wild-type but not TonEBP-haploinsufficient mice. Mechanistically, NF-B activity increased with hypertonicity and was necessary for hypertonic induction of target genes IL6, TNF, and NOS2 but not CCL2. Although TonEBP maintains transcription of genes traditionally considered pro-inflammatory, it is important to note that some of these genes also serve anabolic and pro-survival roles. Therefore, in NP cells, this phenomenon may reflect a physiological adaptation to diurnal osmotic loading of the intervertebral disc. 2 The abbreviations used are: NP, nucleus pulposus; TonE, tonicity-responsive enhancer element; DN-TonEBP, dominant-negative TonEBP; luc, luciferase; CTR, control.
The intervertebral disc is well suited to fulfill its mechanical role in the human spine, where it permits flexion and rotation, and absorbs compressive loads (1) . The matrix-rich nucleus pulposus (NP) 2 at the center of the disc gives the tissue its ability to resist compression through high osmotic swelling pressure (2) (3) (4) , loss of which correlates with degeneration and back pain (5) . Although the high fixed charge density of the aggrecan-rich matrix allows the nucleus pulposus its water-imbibing properties, it also results in a hypertonic environment for NP cells. Importantly, tonicity of the extracellular environment fluctuates widely with diurnal cycle: water is forced out of the disc during the day when the spine is loaded and imbibed during the unloaded phase at night (6) .
In mammalian cells, a key transcription factor TonEBP (NFAT5) is activated by elevated hypertonicity and promotes transcription of genes that produce or transport organic osmolytes (7) . In addition, TonEBP controls transcription of several genes that are important for cell survival under hypertonic conditions independent of osmolyte accumulation (8 -11) . Recently, studies have shown that TonEBP participates in hypertonicity, as well as LPS-mediated induction of certain pro-inflammatory genes in macrophages and other cell types (12) (13) (14) (15) (16) . In NP cells we have shown previously that TonEBP is important for osmoregulation and survival under hypertonic conditions (17) . In addition, TonEBP regulates expression of extracellular matrix-related genes Acan and B3gat3 in NP cells and Col1 and Col2 in chondrocytes (17) (18) (19) . However, little is known regarding the broader functions of TonEBP in the hypertonic niche of the NP.
The goal of this study was to elucidate whether TonEBP promotes transcription of inflammation-related genes in NP cells, even under physiologically relevant hypertonic conditions. RNA sequencing showed that TonEBP controls activities of several inflammation-and matrix turnover-related pathways. Using in vitro and ex vivo approaches and employing TonEBP haploinsufficient mice, our results demonstrate that TonEBP and NF-B participate in activation of pro-inflammatory genes in response to hypertonic stimulus in NP cells. We hypothesize that this phenomenon reflects a physiological adaptation of NP cells to diurnal osmotic loading of the intervertebral disc and may be critical for cellular homeostasis.
Results
RNA Sequencing Reveals TonEBP as a Regulator of Pro-inflammatory Genes under Physiological Hypertonicity in NP-NP cells were transduced with either control (ShCTR) or TonEBP-specific (ShTonEBP) shRNA and cultured in hypertonic medium for 8 h to recapitulate the physiological state of the NP. We verified significant reduction in TonEBP mRNA ( Fig. 1A ) and protein levels (89.8 Ϯ 5% decrease in protein) ( Fig.  1, A and B) . RNA sequencing results represented by the heat map and volcano plot ( Fig. 1 , C and D) depict 1140 differentially expressed transcripts (adjusted p value Ͻ 0.05), with 73 showing a log 2 (-fold change) Ͼ1.2. We validated our dataset by examining levels of known TonEBP targets Akr1b1, Igfbp7, Aqp1, Sgk1, Col1a1, and Col1a2, whose expression level changes matched previously reported data ( Fig. 1E) (7-9, 11, 19) . Ingenuity Pathway Analysis (IPA) software was used to identify the top pathways and functions associated with the list of differentially expressed genes (supplemental Tables 1 and 2 , supplemental Fig. 1 ). Due to enrichment of catabolic and cytokine/chemokine-related pathways, we generated a list of all differentially expressed inflammation-related genes to investigate the role of TonEBP controlling these processes ( Fig. 1F ). Three genes from the list, CCL2, IL6, and NOS2, associated with disc degeneration, along with TNF, a known TonEBP target in fibroblasts (13) , were further investigated.
Hypertonicity Causes Temporal Changes in Pro-inflammatory Gene Expression in NP-We tested whether hypertonicity induces pro-inflammatory genes by culturing NP cells under hypertonic conditions for up to 24 h. TonEBP mRNA was significantly induced by 8 h (Fig. 1G ) with a concomitant induction in CCL2, IL6, TNF, and NOS2, which subsided by 24 h (Fig.  1G ). CCL2 protein was also higher at 8 h after the addition of NaCl ( Fig. 1H ). Interestingly, levels of IL6 and TNF␣ protein were unaffected by hypertonicity ( Fig. 1 , I and J), suggesting that acute transcript increases may be required for maintenance of baseline protein expression under hypertonicity. To explore whether this regulation involved TonEBP, we analyzed the 2-kb promoter upstream of the transcription start site of these genes for potential TonEBP binding motifs (TonE). Analysis showed several predicted TonE in all promoters evaluated (Table 1) . To gain an understanding of how well these TonE were conserved between species, we performed Multiz alignment of the rat, human, and mouse genomes and calculated the degree of alignment of the whole TonE (overall alignment) and alignment of the core binding sequence of the TonE (core alignment).
CCL2, IL6, and NOS2 Promoters Are Differentially Regulated by Hypertonicity and TonEBP in NP-The presence of several, highly conserved predicted TonE in the CCL2 proximal promoter led us to study this promoter in more depth. We studied these TonE and overall conservation of the promoter using the Evolutionary Conserved Regions browser (Fig. 2, A and B) .
Based on these findings, we experimentally examined the responsiveness of the CCL2 promoter, which contains three potential TonE, to manipulation of tonicity and TonEBP levels. To test whether TonEBP bound to the promoter, we mutated TonE #2, which has a high predictive score and high core binding site conservation and is active in kidney cells (12) (Fig. 2C ). Activity of the wild-type CCL2 promoter was induced by hypertonicity, and mutation of TonE #2 abolished this increase ( Fig.  2D ). Expression of dominant-negative TonEBP (DN-TonEBP) also inhibited hypertonic induction of the wild-type promoter ( Fig. 2E ), similar to activity of the taurine transporter (TauT) promoter, a well characterized TonEBP target. Under isotonic conditions, DN-TonEBP did not affect the wild-type CCL2 promoter ( Fig. 2F ). However, overexpression of TonEBP under isotonic conditions led to a dose-dependent increase in CCL2 promoter activity (Fig. 2G) ; the TonE-mutated CCL2 promoter was unresponsive ( Fig. 2H ).
We then evaluated the activities of the proximal IL6 ( Fig. 3A ) and NOS2 (Fig. 3B ) promoters. Unlike the CCL2 promoter, IL6 promoter activity was unaffected by hypertonicity ( Fig. 3C ) and NOS2 promoter activity was decreased ( Fig. 3D ). However, DN-TonEBP inhibited activities of both promoters under hypertonic conditions ( Fig. 3 , C and D). Expression of DN-TonEBP under isotonic conditions led to a slight reduction in IL6 promoter activity ( Fig. 3E ), but did not affect the NOS2 promoter ( Fig. 3F) . Surprisingly, in both cases, overexpression of TonEBP also suppressed the promoter activities ( Fig. 3 , G and H).
TonEBP Controls Hypertonic Induction and Maintenance of Pro-inflammatory Gene Expression-We next tested whether hypertonicity-mediated induction of pro-inflammatory genes was TonEBP-dependent by knocking down TonEBP in NP cells under isotonic or hypertonic conditions. In control cells (ShCTR), we observed hypertonicity-dependent induction in mRNAs for TonEBP, TauT, CCL2, and TNF ( Fig. 4 , A-C and E) but not of IL6 or NOS2 (Fig. 4 , D and F). Regardless of inducibility, TonEBP knockdown was sufficient to decrease mRNA levels of all genes evaluated. We then examined protein levels of CCL2, IL6, and TNF␣ ( Fig. 4 , G-I). TonEBP silencing significantly decreased levels of CCL2 under both isotonic and hypertonic conditions. Although there was a trend of decreased IL6 and TNF␣ levels in TonEBP-silenced cells under hypertonicity, significant decrease was seen under isotonic conditions.
TonEBP Haploinsufficiency Prevents Hypertonicity-mediated Pro-inflammatory Gene Expression in an ex Vivo Intervertebral
Disc Organ Culture Model-We used a whole-disc organ culture model to assess the effect of hypertonicity on inflammatory gene expression by disc cells in their native extracellular matrices, using wild-type and haploinsufficient TonEBP ϩ/Ϫ mice (Fig. 5, A and B) (20) . At this age, the overall structure, size, and health of discs from the two genotypes did not appear grossly different (Fig. 5C ); weight of TonEBP ϩ/Ϫ mice at euthanasia was slightly lower than wild-type mice (Fig. 5D ). As expected, discal levels of TonEBP mRNA from haploinsufficient animals were about half of wild-type animals ( Fig. 5E ). Although the induction in SMIT mRNA was abolished in heterozygous animals, induction in TauT mRNA was less affected by TonEBP haploinsufficiency, indicating that some targets may be more sensitive to TonEBP modulation than others (Fig. 5 , F and G). Transcript levels of CCL2, IL6, TNF, and NOS2 were induced in discs from wild-type animals. However, discs from TonEBP ϩ/Ϫ animals failed to induce levels of any of these transcripts under hypertonicity ( Fig. 5 
, H-K). TonEBP Controls Expression of Select Inflammatory Targets through p65/NF-B under Hypertonicity-Because the NF-B
pathway is a common regulator of the pro-inflammatory genes studied here, we investigated the relationship between hypertonicity, TonEBP, and NF-B signaling in NP cells. Hypertonicity increased activity of the NF-B-responsive reporter, and this induction was blocked by DN-TonEBP. Interestingly, under isotonic conditions, TonEBP overexpression had no effect on NF-B activity ( Fig. 6A ) and p65-mediated induction of NF-B activity was not affected by overexpression of TonEBP or DN-TonEBP ( Fig. 6B ). Because both TonEBP and p65 are Rel family members and undergo homo/heterodimerization to promote transcription, we investigated their interaction. Immunoprecipitations failed to show association between these proteins, regardless of tonicity or presence of TNF␣ ( Fig. 6C) , whereas we were able to detect interaction between p65 and its known interacting protein, IB␣. We then tested whether NF-B signaling contributed to hypertonic induction of pro-inflammatory targets using SM7368, an inhibitor that blocks TNF␣dependent NF-B reporter activity ( Fig. 6D ). Despite inhibiting NF-B activation, TauT (Fig. 6E ) and CCL2 (Fig. 6F ) were induced by hypertonicity. In contrast, SM7368 blocked hypertonic induction of IL6 (Fig. 6G) , TNF (Fig. 6H ), and NOS2 (Fig. 6I ).
Discussion
NP cells reside in a hypertonic environment within the disc, the severity of which fluctuates with daily activity (6) . The transcription factor TonEBP plays a pro-survival role in the NP under hypertonic conditions via regulation of canonical osmotic response genes (3, 17) while also regulating matrix synthesis and tissue hydration genes (17, 18, 21-23). The present study was aimed at determining whether TonEBP promotes inflammation in response to hypertonicity, as has been reported in other cell types.
RNA sequencing and subsequent investigation showed that TonEBP maintained CCL2 mRNA and protein and IL6 and TNF␣ mRNA expression levels. Although TonEBP maintained IL6 and TNF␣ protein levels under isotonic conditions, this was not the case under hypertonicity. It is possible that under hypertonicity another factor compensates for TonEBP absence to maintain IL6 and TNF␣ protein levels at the post-transcriptional stage. Previous reports have demonstrated hypertonic induction of CCL2, IL6, and TNF (12, 24) , which was TonEBPdependent in some instances. On the other hand, hypertonicity suppressed LPS-mediated IL6 production in macrophages (16) . These results suggest that the TonEBP-mediated response to hypertonicity is likely cell-type specific. Timing of this response may also depend on cell type, as we detected only a very transient induction in mRNA levels of these targets.
We have shown that the CCL2 gene is induced by hypertonicity and that this induction requires the action of TonEBP on a highly conserved TonE. Our result is in agreement with a previous study in kidney cells, which showed a lack of hypertonic response after deleting this TonE (12) . Although they were not inducible by hypertonicity, maintenance of the IL6 and NOS2 promoters under hypertonic conditions required TonEBP. In addition, overexpression studies demonstrated that precise control of TonEBP levels was crucial in sustaining promoter activities. These studies suggest that, in NP cells, control of IL6 and NOS2 transcription by TonEBP may be unique. In LPS-treated mouse embryonic fibroblasts, TonEBP, indeed, bound to the region containing predicted TonE in IL6 and NOS2 promoters, pointing to context-and cell type-specific differences in the mechanism by which TonEBP controls these genes (15) . Induction may also involve post-transcriptional mechanisms, including increased mRNA stability via osmosensitive micro RNAs (25) .
Further insights into inflammatory gene regulation came from ex vivo organ culture studies performed using haploinsufficient TonEBP mice. This organ culture preserves the native cell-matrix and cell-cell interactions in all disc compartments. Therefore, these organ culture studies confirmed that hypertonicity-mediated induction of pro-inflammatory genes required TonEBP and was not due to a stress response evoked by a sudden change in tonicity. Canonical TonEBP targets TauT and SMIT displayed differing sensitivities to TonEBP levels, suggesting that TonEBP preferentially activates transcription of some targets, such as TauT, over others.
Because NF-B controls expression of many inflammatory genes, we investigated potential cross-talk between TonEBP and RelA. The effect of hypertonicity on NF-B activity appears to be cell type-specific, with reports of both inductive (26) and repressive (27) effects. In NP cells, NF-B activity was controlled in a TonEBP-dependent manner under hypertonic conditions. TonEBP modulation did not affect p65-dependent NF-B activity under isotonic conditions, indicating that hypertonicity produces a permissive environment for cross-talk between TonEBP and NF-B signaling. However, the lack of TonEBP immunoprecipitation with p65 showed 
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TonEBP Regulates Pro-inflammatory Genes DECEMBER 23, 2016 • VOLUME 291 • NUMBER 52 JOURNAL OF BIOLOGICAL CHEMISTRY 26689 that cross-talk does not involve physical interaction. Interestingly, in other cells, these proteins have been shown to interact at the immediate onset of hypertonic stimulation (26) and in response to LPS treatment (28) . Interestingly, NF-B activity was required for hypertonic induction of only a subset of the studied targets; TauT and CCL2 were refractory to inhibition. These results suggest that, under hypertonic conditions, cross-talk between TonEBP and NF-B controls a subset of targets, whereas some targets are controlled by TonEBP alone.
These results were compelling because inflammation and extracellular matrix content are hallmarks of spondyloarthritis and disc degeneration, a major cause of degenerative spondylolisthesis and spinal instability (29 -31) . Specifically, levels of CCL2, IL6, TNF, and NOS (32-34) are linked to disc degeneration. However, it is counterintuitive that physiolog- . Activity of the CCL2 promoter is positively regulated by TonEBP in NP cells. A, TonE predicted using Genomatix MatInspector in the first 2 kb of the proximal promoter of the rat CCL2 gene were compared with the human and mouse CCL2 promoters using Multiz alignments. Sites 1 and 2 show a high degree of conservation between all species compared. B, analysis using the Evolutionary Conserved Regions Browser demonstrates sequence conservation in the 2-kb CCL2 promoter between rat, human, canine, and rhesus. ECR threshold is set at 80%. CCL2 promoter: red, intergenic regions; green, transposons and simple repeats. Height of peaks represents percentage of identity between the compared genomes. C, diagrams showing predicted TonE #1-3 in the proximal promoter of the rat CCL2 luciferase reporter construct spanning Ϫ939/ϩ59. Both wild-type (WT) and #2 TonE-mutated (Mutant) sequences are shown. D, CCL2 promoter activity is increased in NP cells transfected with wild-type CCL2 reporter and exposed to hypertonic medium (110 mM NaCl); TonE mutant construct shows no change in activity in response to hypertonicity. E, hypertonicity (Hyper)-dependent increase in wild-type CCL2 reporter activity is abolished by DN-TonEBP even at the lowest plasmid concentration of 50 ng, similar to inhibition of TauT reporter, a known TonEBP target. ical loading of the healthy disc would activate an inflammatory program. It is, therefore, more likely that the acute nature of CCL2 induction may be tied to diurnal loading of the disc, considering that genes controlling circadian rhythm are essential for disc homeostasis (35, 36) . It is noteworthy that in other cell types, CCL2 promotes survival (37), proliferation (38) , and phosphorylation of Akt, ERK, and STAT3 (39), molecules critical for NP function (22, 40 -43) . Therefore, it is feasible that in the NP, the moderate, transient increase in CCL2 elicited by the hypertonic milieu serves a physiological function.
In summary, hypertonic induction of traditionally pro-inflammatory genes is seen in various cell types. However, the timing of the response to hypertonicity and the mechanism by which TonEBP promotes transcription of select target genes such as IL6 and NOS2 are unique in NP cells. These differences might explain how the responses are finely tuned in a context-and cell type-dependent fashion to promote homeostatic maintenance of NP health. However, it is important to note that dysregulation of TonEBP could also potentially promote inflammation.
Experimental Procedures
Isolation and Treatment of NP Cells-Rat NP cells were isolated using a method previously described by Risbud et al. (44) . DECEMBER 23, 2016 • VOLUME 291 • NUMBER 52
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Collection of animal tissues for cell isolation was approved by Thomas Jefferson University's Institutional Animal Care and Use Committee (IACUC). Cells were maintained in DMEM with 10% FBS and antibiotics. For hypertonic culture, 110 mM NaCl was added to medium.
Plasmids and Reagents-Luciferase reporter plasmids were provided by Drs. Kojima (20) .
Lentiviral Studies-HEK-293T cells in 10-cm plates (1.3 ϫ 10 6 cells/plate) were transfected with 9 g of either lentiviral ShCTR (pLKO.1) or ShTonEBP plasmids, plus 6 g of psPAX2 and 3 g of pMD2.G. After 16 h, medium was removed and replaced with DMEM with 5% FBS. Lentiviral particles were harvested at 48 and 60 h after transfection and concentrated using PEG solution. NP cells were transduced with medium containing viral particles and 8 g/ml Poly- brene. Cells and conditioned medium were collected 5 days after transduction.
RNA Sequencing-Illumina TruSeq Stranded Total RNA Sample Prep with Ribo-Zero was used to prepare the library. Libraries were chemically denatured and applied to an Illumina HiSeq v4 single read flow cell using an Illumina cBot. Hybridized molecules were clonally amplified and annealed to sequencing primers with reagents from an Illumina HiSeq SR Cluster Kit v4-cBot. After transfer of the flow cell to an Illumina HiSeq 2500, a 50-cycle single-read sequence run was performed (HiSeq SBS Kit v4). For data analysis, Rn5 Ensembl annotations (Build 75) were downloaded and converted to genePred format. Reads were aligned to the transcriptome reference index using NovoAlign (v2.08.01), allowing up to 50 alignments for each read. Read counts were generated using the USeq Defined Region Differential Seq application and used in DESeq2 to measure the differential expression between each condition, controlling for sample preparation batch. For IPA, differentially expressed gene lists were used as input to identify related pathways, diseases, and networks. DECEMBER 23, 2016 • VOLUME 291 • NUMBER 52
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Real-time Quantitative RT-PCR-For in vitro assays, total DNA-free RNA was extracted from NP cells using RNeasy mini columns (Qiagen), and cDNA was made using EcoDry premix (Clontech). For ex vivo assays, RNA was isolated using TRIzol (Thermo Fisher) and treated with DNA-free DNase treatment kit (Ambion). cDNA and gene-specific primers (Integrated DNA Technologies, Coralville, IA) were added to SYBR Green master mixture, and mRNA expres-sion was quantified using the Step-One Plus System (Applied Biosystems).
Western Blotting-Cells were placed on ice following treatment and washed with ice-cold PBS. Buffers included 1ϫ protease inhibitor cocktail (Roche Applied Science), NaF (4 mM), Na 3 blotting to PVDF membranes (Bio-Rad). Membranes were blocked with 5% nonfat dry milk in Tris-buffered saline, Tween 20 and incubated overnight at 4°C in blocking buffer with rabbit anti-TonEBP (1:1000, Novus, catalogue number NB120-3446, lot Q1220667), rabbit anti-p65 (1:1000, Cell Signaling, catalogue number D14E12, lot 8), mouse anti-IB␣ (1:1000, Cell Signaling, catalogue number 4814), or mouse anti-␤-tubulin antibody (1:2000, Developmental Studies Hybridoma Bank (DSHB), catalogue number E-7). Specificity of the TonEBP antibody is evidenced by loss of signal with TonEBP-specific knockdown (Fig. 1B) Immunolabeling was detected with ECL reagent. Densitometric analysis (ImageQuant) was performed by first normalizing protein-of-interest levels to the housekeeping protein (␤-tubulin) and then normalizing to the experimental control group.
ELISA-Conditioned medium was filtered (0.45 m) and supplemented with 1ϫ protease inhibitor cocktail (Roche Applied Science). ELISA was performed using Mini ELISA Kits (PeproTech).
Bioinformatic Analysis of Promoters and TonE Prediction-Promoter sequences were downloaded from the UCSC Genome Table Browser . MatInspector (Genomatix) was used to identify predicted TonEBP binding sites with a score cutoff of 0.8. The Ensembl browser was used for Multiz alignments of TonE predicted in the rat promoter against human and mouse. The ECR Browser was used to visually represent evolutionary conservation between the human, canine, and rhesus CCL2 promoters.
Transfections and Dual-Luciferase Assay-Cells were transferred to 48-well plates (2 ϫ 10 4 cells/well) 1 day prior to transfection. To measure the effects of hypertonicity, cells were transfected with 250 ng of CCL2, IL6, or NOS2 reporters and 250 ng of pRL-TK plasmid and cultured in isotonic or hypertonic conditions. For gain-and loss-of-function studies, FLAG-TonEBP, FLAG-DN-TonEBP, or backbone plasmid (50 -150 ng) was co-transfected with reporters and pRLTK. In all experiments, plasmids were premixed with the transfection reagent, Lipofectamine 2000 (Invitrogen). 48 h after transfection, cells were harvested, and firefly and Renilla luciferase activities were measured using the Dual-Luciferase TM reporter assay (Promega) and a luminometer (TD-20/20, Turner Designs).
Site-directed Mutagenesis-Site-directed mutagenesis of the rat CCL2 promoter was performed according to the manufacturer's protocol, using the Q5 Site-Directed Mutagenesis Kit (New England Biolabs). Primers used for CCL2 promoter mutants are (mutated TonE underlined): forward, 5Ј-AGTAGTGGCTA-AAGGAAACACCAAATTCC-3Ј; reverse, 5Ј-GGGAGCAAAT-GAAGCTGC-3Ј. Mutations were verified by sequencing (Applied Biosystems 3730 DNA Sequencer).
Ex Vivo Disc Organ Culture and Histology-4-month-old mice were sacrificed according to IACUC guidelines. Whole spines were carefully dissected en bloc, and extraneous tissues were removed. For each experimental group, lumbar and caudal motion segments from a single mouse were pooled together. A total of 20 mice were used (11 TonEBP ϩ/ϩ , 9 TonEBP ϩ/Ϫ ). Motion segments were equilibrated overnight in DMEM. 16 h later, fresh medium with or without 110 mM NaCl was added and cultured for 8 h. After treatment, some motion segments were stored in RNAlater (Ambion), and vertebrae and endplates were removed using a dissecting microscope (Zeiss Stemi 305, imaged with Axiocam ERc 5s). Discs were snap-frozen and pulverized (BioSpec BioPulverizer) before RNA isolation. Undissected motion segments were fixed for 48 h in 4% paraformaldehyde, decalcified in 12.5% EDTA, and embedded in paraffin. Sagittal sections (7 m) were deparaffinized, rehydrated through graded ethanol, and stained with Alcian blue, eosin, and hematoxylin. Sections were visualized using a Zeiss Axio Imager A2 and imaged with Axiocam 105 color camera and N-Achroplan 5ϫ objective.
Statistics-All experiments were performed at least three times. For quantitative measurements, results are presented as the mean Ϯ S.E. Differences between groups were assessed by analysis of variance and Student's t test using GraphPad Prism Software. p values Ͻ 0.05 were considered significant for in vitro experiments; p values Ͻ 0.1 were considered statistically significant for ex vivo organ culture experiments, as noted in legends. 
